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a b s t r a c t
Lignocellulosic materials, such as agricultural residues, are abundant renewable resources for bioconver-
sion to sugars. The sugar cane bagasse was studied here to obtain simple sugars for the production of
alcohols and other chemicals. The crystalline structure of cellulose and the lignin that physically seals the
surrounding cellulose ﬁbers makes enzymatic hydrolysis difﬁcult by preventing the contact between the
cellulose and the enzyme. Two different samples of sugar cane (bagasse pulp and skin) were used and
compared with microcrystalline cellulose (Avicel). The investigated samples were pretreated with SC-






of 60 C. In this process, particles of celluloses within the size range from 0.25 to 0.42mm were placed
in deﬁned amounts inside the experimental vessel, CO2 was injected and let stand for 5 and 60min. The
explosion pretreatment of cellulosic materials by SC-CO2 was performed in an apparatus of a static type
with 300ml of volume. The hydrolysis reaction using cellulose enzyme was carried at 55 ◦C for 8h. After
the pretreatment, the glucose yield increased in 72% to the bagasse sample. The SC-CO2 pretreatment
together with alkali increased the glucose yield in 20% as compared with alkali only. X-ray, microscopy
e use
 and thermal analysis wer
. Introduction
A signiﬁcant amount of research is conducted worldwide in try-
ng to ﬁnd renewable sources of liquid fuels to replace fossil fuels.
urning fossil fuels such as coal and oil releases carbon dioxide in
he environment, which is a major cause of global warming [1].
ignocellulosic materials are a potential resource that is not used
or the production of biogas and ethanol. For a long time stud-
es have been performed to pursue alternatives to increase the
igestibility of these materials in order to obtain efﬁcient conver-
ion of cellulose to ethanol, methane and, more recently, also to
ydrogen [2]. The conversion of abundant lignocellulosic biomass
o biofuels represents a viable option for improving energy secu-
ity and reducing greenhouse emission. Pretreatments represent a
otential process to improve the digestibility of the lignocellulosic
iomass. Sugar cane bagasse is among these materials that can be
sed as raw material for conversion into products of commercial
nterest.
Thecompositionof thesematerials is almost identicalwith some
ariation in the content of the components. According to Pandey
t al., bagasse consists of approximately 50% cellulose with the
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remainder content distributed between hemicellulose, lignin and
other compounds in small amounts [3]. The advantage of using sug-
arcanebagasse compared toother lignocellulosicmaterials isdue to
its levels of ash at below 5%, which is lower than usually identiﬁed
in other materials.
The role of pretreatment is to increase the permeability of the
material for subsequenthydrolysis andconversion to fuels. Thepre-
treatment techniques change the structure of the lignocellulosic
biomass and are classiﬁed into: physical and chemical.
Physical treatments can be divided into mechanical and ther-
mal. Themechanical pretreatment consists in cutting thebagasse in
small pieces, reducing the particle size and crystallinity, increasing
the contact surface and improving the hydrolysis of the material.
The power requirements for mechanically comminuting agricul-
tural materials depend on the targeted ﬁnal particle size and the
waste biomass characteristics [4]. Thus energy costs for size reduc-
tion can make the treatment expensive.
Heat treatment (steam treatment) consists basically in heating
the lignocellulosic material at temperatures around 150–180 ◦C or
higher. Depending on the methodology used, hemicellulose and
lignin can be degraded by thermal treatment. These components
Open access under the Elsevier OA license.solubilize at temperatures close to the ones generally used. Steam
explosion and LHW (Liquid Hot Water) can be included in this class
of treatment. The disadvantage of the heat treatments is the risk
of the formation of inhibitory compounds for the production of
ethanol.
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Chemical treatments are widely utilized such as the use of acids
nd bases, as well as the use of peroxides to increase the digestibil-
ty of lignocellulosic materials.
The search for amethod to adequately increases the digestibility
f these materials and pretreatment techniques including physical,
hermal, chemical and biological procedures have long been stud-
ed. In these studies the need for identifying methodologies that
ombine high yield and low waste is outstanding.
Treatment with supercritical carbon dioxide represents an
nteresting alternative because it can be operated at lower tem-
eratures compared to thermal treatments, thus eliminating the
roblem of inhibitors formation with the degradation of hemicel-
ulose and lignin.
The easy recovery of the solvent used enables the reutiliza-
ion of the CO2 after the process. It is nonﬂammable, essentially
ontoxic, and very volatile. The properties of supercritical CO2 are
idely known and its applications in the pharmaceutical industry
re also broad; its high power diffusion and low viscosity represent
dvantages over conventional solvents. The particular behavior of
upercritical CO2 in the structure of biomass is not well known;
owever it is known that it works more easily in rigid and wet
iomass than in more ﬂexible lignocellulosic materials. Kim and
ong investigated the effect of SC-CO2 on raw lignocellulose with
ifferent moisture contents at various pretreatment conditions [5].
imilar studies performed with Avicel indicated that the explosion
ith supercritical CO2 causes a decrease in the crystallinity of the
aterial and promotes the hydrolysis [6]. A similar work reported
hat the treatment of explosion using supercritical CO2 in lignocel-
ulosic materials increased (50–70%) digestibility of the material
nd that the process was improved with increased pressure [7]
nd a best result of deligniﬁcation (94.5%) was obtained with the
ombination of lower pressure and lower amount of 1-butanol [8].
Therefore the objective of this work is to investigate and com-
are the effect of pretreatment with supercritical CO2 explosion in
ugarcane bagasse and Avicel. A secondary objective is to evaluate
he improvement of treatment combining supercritical explosion
nd alkaline treatment. In order to assess the effects of each form
f treatment and the importance of the pretreatment tool over the
aterial structure changes, methods of structural analysis (X-ray,
icroscopy, and thermal analysis) were used. The pretreatment
rocess was used to enhance the digestibility of the lignocellulosic
iomass.
. Materials and methods
.1. Material
The bagasse was chosen as a source of lignocellulosic material
ndAvicelwhichhas also beenused as a sample ofmicro crystalline
ellulose was donated by FMC in Brazil. The bagasse was washed
nd oven dried for 24h at a constant temperature of 60 ◦C. This
aterial was submitted to a separation process to obtain two types
f samples, bagassepulpandskin.Bothmaterialswere thengrinded
nd sieved to attain particle sizes in the range of 0.25–0.42mm.
amples were stored in a dry environment at room temperature in
rder to avoid contamination.
.2. Pretreatment using supercritical CO2
Thepretreatmentwasperformed in ahighpressure vessel as the
xperimental unit with an effective volume of 300ml. The equip-
ent was designed to operate with pressure levels up to 20MPa
nd temperatures up to 300 ◦C. A thermostatic bath was used to
aintain the constant temperature at 60 ◦C. The scheme used is
hown in Fig. 1. The experiments were performed by changing theFig. 1. Schematic diagram of the apparatus used in SC-CO2 explosion. 1, liquid CO2
tank; 2, outlet valve; 3, heating (water bath); 4, inlet valve; 5, reactor with sample;
6, pressure relief valve; 7, gas expansion.
pressure and exposure time of CO2. The pretreatments with SC-
CO2 were executed at 12, 14 and 16MPa for time exposures of 5
and 60min. The procedure consisted in placing 5g of sample inside
the vessel and feed with CO2. After the sample was exposed to
supercritical CO2 for a designated length of time and maintained at
a certain pressure and temperature, a quick pressure release was
performed by opening a valve attached to the vessel thus bring the
pressure levels to atmospheric pressure.
2.3. Pretreatment with alkali + SC-CO2 explosion
The alkali pretreatment used followed the method described in
Fox et al. [9]. The pretreatment involved cooking the bagasse in a
caustic solution for a given time at a speciﬁed NaOH concentra-
tion and solid contents. A proportion of 0.20g NaOH/g of bagasse
was used in a volume of 100ml of distilled water. The process con-
sisted in thermal and alkali treatment of the material at 100 ◦C for
60min in atmospheric pressure. After the material was washed
with distilled water to neutrality, squeezed and most of the mois-
ture removed it was air dried at 37 ◦C and ﬁnally submitted to the
SC-CO2 explosion at 16MPa during 60min.
2.4. Enzymatic sacchariﬁcation
Sacchariﬁcation reactions were carried out by shaking the sam-
ples at 130 rpm at a temperature of 50 ◦C for 8h. The enzyme
complex used was donated by Novozymes of Brazil and con-
sisted of two enzymes: cellulase (NS50013) and -glucosidase
(NS50010). The initial activity of the ﬁrst one was 700EGU/g (EGU,
endoglucanase units) ∼70FPU/g (FPU, ﬁlter paper unit); the initial
activity of the second one was 250CBU/g (CBU, cellobiase units).
-Glucosidase was used to hydrolyze the cellobiose and other
disaccharides thus enhancing the action of cellulose [10]. The enzy-
matic reactions were conducted in 0.5M sodium acetate and acetic
acid buffer solutions at pH 4.7, in a volume of 100ml, using 1% (v/v)
of the enzyme solution and 1.5 g of cellulosic material. After the
incubation time for the hydrolysis reaction, the material was ﬁl-
tered on ﬁlter paper and 45ml of the hydrolyzed sample separated
for the later determination of reducing sugars. The enzyme was
inactivated with 5ml of 0.5N NaOH and the sample stored under
refrigeration. This methodology has been presented and discussed
in a previous study [11]. The experiment was performed in tripli-
cates, the temperature and pH were used according to Novozymes
instructions and the time of sacchariﬁcation was the same recom-
mended by Santa’anna et al. [12].




















































Increase in glucose yield of SC-CO2-pretreated samples.
Glucose yield (%)a,b
12MPa 14MPa 16MPa
5min 60min 5min 60min 5min
Avicel 0 12.00 0 21.64 0
Bagasse 40.00 30.00 28.39 72.00 –
Skin 68.90 27.83 76.10 18.55 155.12A.L.F. Santos et al. / J. of Supe
.5. Quantiﬁcation of reducing sugars
The total content of reducing sugars obtained after hydrolysis
as determined using the method described by Somogyi [13]. This
ethod is based on the absorbance at 510nm of a colored complex
ormed between a copper-oxidized sugar and arsenomolybdate.
he amount of present reducing sugars was determined in tripli-
ate for each sample by comparison with a calibration curve using
lucose as the standard.
.6. X-ray analysis
The tests were performed in the laboratory before and after pre-
reatment using supercritical CO2 explosion. The equipment used
as the Rigaku-Miniﬂex II Desktop X-ray Diffractometer and the
nalysis conditions were 2 ranging from 0◦ to 50◦ (30kV, 15mA,
.05).
.7. Microscopy analysis
The pretreated samples exposure for 60min in supercritical CO2
ere ﬁxedwith 30g/l glutaraldehyde in 0.05Mphosphate buffer at
H 7.0 for 48 h, washed in phosphate buffer and ﬁnally post ﬁxed in
0g/l osmium tetroxide for 2h. After dehydration in ethanol series,
he samples were embedded in white resin. Sections were cut with
glass knife and post stained with 1% toluidine blue. The samples
ere visualized in a Zeiss Axioplan microscope and photographed
ith a Zeiss AxioCam MRc digital camera.
.8. Thermal analysis
Thermal analytical techniques, in particular thermogravi-
etric analysis (TG), derivative thermogravimetry (DTG) and
ifferential thermal analysis (DTA), were used for this study.
on-isothermal TG, DTG and DTA were performed using a TA
nstrument SDT 2960 DTA–TGA analyzer with the temperature
rogrammed at 10 ◦C/min for the heating rate from room tem-
eratures of 30–600 ◦C. Sample weights used ranged around
0mg.
. Results and discussion
.1. Enzymatic sacchariﬁcation of pretreated lignocellulose with
C-CO2
The results showed that the treatments are more effective for
aterials with more rigid structure than for materials with ﬂexi-
le structure. These results were similar to those obtained in the
tudy performed by Kim and Hong [5] where the authors describe
n increased glucose yield as a result of increased pressure. The use
f low temperatures in the present study is justiﬁed as for mini-
izing the degradation of hemicellulose observed in pretreatment
hat uses elevated temperatures. The pretreatment effects between
O2 with 5min or with 60min of exposure were extremely differ-
nt as shown in Table 1. The results for the increase in glucose yield
rom the SC-CO2-pretreated samples were determined by compar-
ng the obtained yield for the untreated and pretreated material
nd are expressed by the percentage of the increase.
These results indicated that the exposure time is an important
ariable for the process and is less important for more rigid mate-
ials. The highest glucose yield was observed in the skin sample
xposed to 5min treatment and to higher pressure. No difference
as observed for Avicel at this length of exposure time in untreated
nd treated samples; for the bagasse samples the increase in the
ressure from 12 to 14MPa at 60 ◦C did not increase the glucose
ield.a Determined from increased amount after pretreatment; expressed as percent-
age of total amount present in original sample.
b All results are presented as means of triplicate experimental data.
The Avicel pretreated samples exposed to supercritical CO2 for
60min showed small differences in the yield of glucose when
compared with the material without pretreatment, even after
increasing the pressure. For skin, the increase in time exposure to
60min did not result in higher glucose yield with the shorter expo-
sure time of 5min, was when the sample was most susceptible to
the treatment. This result suggests that the time of 60min expo-
sure can be excessive for this material. The use of exposure time
of 5min has been reported in the literature however using tem-
peratures higher than the ones used here [14]. Sugarcane bagasse
exploded at 14MPa produced the best results with 72% of increase
in the glucose yield (Table 1) as compared to the material with-
out pretreatment. According to Zheng et al., pretreatment is more
efﬁcient in materials when the accessibility to cellulose is more
difﬁcult such as lignocellulosic materials [7].
It is known that the glucose yield increaseswith increasingpres-
sure levels, however the assessment of an ideal time for the same
result of the process is critical.
3.2. Supercritical carbon dioxide after alkali pretreatment
There was an increase in approximately 20% in the glucose yield
from the sugar cane bagasse pretreated with NaOH and supercriti-
cal CO2 (16MPa, 60 ◦C) as compared to the pretreatmentwith alkali
only. This result indicates a signiﬁcant improvement in the process.
The treatment using NaOH with heating degraded the hemicellu-
loses therefore suggesting increased activity of the enzymes. The
enhanced performance of the enzymes in the pretreated materi-
als was probably resulting from the disruption of lignin during the
rapid depressurization of the pressure vessel after the use of CO2.
3.3. X-ray analysis
The samples were analyzed using X-ray to observe the crys-
tallinity of the material before and after 5min exposure in
supercritical CO2 pretreatment. Although sugar cane bagasse
presents an amorphous structure as compared to Avicel, a distin-
guishing feature of points can be observed as shown in Fig. 2a–c.
The samples that displayed better results in these conditions
showedmore differences between crystallinity before and after the
treatment (Table 1 and Fig. 2c). According to Zheng et al. the super-
critical carbon dioxide explosion decreases the crystallinity [6]. For
Avicel, the differences are not considerable due to the exposure to
low temperature. During further investigations of the crystallinity
carried out after pretreatment it was observed that the bagasse
structure was ﬁrmly packed together; a distinguishing feature of
points could be observed.3.4. Microscopy analysis
Samples of pretreated skin and sugar cane bagasse exposed for
60min in supercritical CO2 and exploded at 60 ◦C and 16MPa, are
shown in photomicrographs (Figs. 3 and 4). The histochemistry
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Fig. 3. Photomicrographs of sugar cane bagasse exposed for 60min in supercritical
and 250 C (decomposition of organic extracts: protein and starch)
and the third between 250 ◦C and 350 ◦C (decomposition of organic
components: lignin, cellulose and hemicellulose). The DTG curve
of the third stage of decomposition around 300 ◦C is related to the
lignin. The third DTA endothermic event that is related to this com-2theta [deg]
ig. 2. Diffractograms of original samples and after pretreatment with 5min expo-
ure in supercritical CO2 at 16MPa. (a) Avicel; (b) bagasse; and (c) skin (bagasse).
echnique using toluidine blue creates metachromatic properties
y stainingphenolic compounds (lignin) in shadesof greenandblue
nd other compounds that have primary walls (cellulose, pectin,
nd hemicellulose) in shades of pink and purple [15–17].
The effect of using pretreatment with supercritical CO2 in sugar
ane bagasse is depicted in the ﬁgures showing that the explosion
romotes lignin rupture. Nevertheless further investigation aboutCO2 and exploded at 60 ◦C and 16MPa. (a) Longitudinal section. Lignin is the shaded
area that represents the clearest blue. (b) Transversal section. Arrows indicate rup-
ture of parenchima cells. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
the role of the pretreatment is necessary.
3.5. Thermal analysis
Thermal analysis TG/DTG and DTA of samples of pretreated
skin and sugar cane bagasse submitted to explosion in supercrit-
ical CO2 at 60 ◦C and 16MPa, and exposure of 60min is shown in
Figs. 5 and 6. This analysis is used to check the degradation tem-
perature of the components and hence its thermal stability, among
others [18]. This technique is used to measure changes in physical
or chemical properties of a substance as a function of temperature
or time, under a programmed controlled temperature [19].
The samples showed three stages of decomposition in TG, the
ﬁrst around at 100 ◦C (water evaporation), the second between 200
◦Fig. 4. Photomicrographs of the transversal section of pretreated skin of sugar cane
bagasse exposed for 60min in supercritical CO2 and exploded at 60 ◦C and 16MPa.
There are three different cells (A, vascular system cells; B, ﬁber cells; C, parenchyma
cells). Lignin is the shaded area that represents the clearest blue. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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iFig. 6. TG, DTG and DTA curves of original skin of sugar cane bagasse and pretr
oundwasobservedat around220 ◦C. These results are very similar
o the results obtained by Miranda [20].
The TG and DTG curves showed that pretreated samples
bagasse and skin) have in their thermal decomposition a lower
hermal stability when compared to the untreated samples. This
ay indicate a rupture of compounds such as lignin. According to
oareau et al. a disruption in the lignin polymer structure observed
n the ﬁber of sugarcane bagasse can be achieved by changing the
emperature of the events in the thermal analysis and with the
xidation and modiﬁcation of their lignin with furfuryl alcohol
21].. Conclusion
The goal of this study was to assess the effectiveness of SC-CO2
retreatment and not to develop a new methodology for sacchar-
ﬁcation reactions. The results showed a signiﬁcant improvementskin exposed for 60min in supercritical CO2 and exploded at 60 ◦C and 16MPa.
in the increase in glucose yield from lignocelluloses materials after
samples were pretreated.
The explosion causes a change in the structure of the mate-
rial, which facilitates the action of the hydrolysis agents; although
it is premature to conﬁrm the effective change. The decrease in
crystallinity and rupture of lignin is the possible causes of the pre-
treatment efﬁciency as shown in the diffractograms from the X-ray
analysis and in the photomicrographs from the microscopy analy-
sis.
The results of the thermal analysis showed that pretreated sam-
ples (bagasse and skin) have a lower thermal stability compared to
the untreated samples. This may be indicative of a rupture of com-
pounds such as lignin. The change in the structure of the lignin
polymer can be affected by changing the temperature of the events
in the thermal analysis.
The exposure time showed an effect in the pretreatment condi-
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ariables in the pretreatment, such as temperature and time, to be
ure that the results are related to the increase of pressure.
Usually this type of pretreatment is performed at temperatures
igher than theoneused in this studywhich leads tohemicelluloses
olubilization. In the present study the explosion with SC-CO2 at
0 ◦C did not solubilize hemicelluloses, eliminating the potential
roduction of inhibitory agents. This is also an alternative route
o produce derivatives of pentoses. In the worldwide search for
rocedures to improve the green chemical segment, Brazil is placed
n an enormously competitive spot through the utilization in this
ountry of low cost and highly available renewable resources such
s sugarcane ethanol.
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